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Abstract
In mammals, Wnt/β-catenin signaling features prominently in stem cells and
cancers, but how and for what purposes have been matters of much debate. In
this review, we summarize our current knowledge of Wnt/β-catenin signaling and
its downstream transcriptional regulators in normal and malignant stem cells. We
centered this review largely on three types of stem cells--embryonic stem cells,
hair follicle stem cells, and intestinal epithelial stem cells--in which the roles of
Wnt/β-catenin have been extensively studied. Using these models, we unravel
how many controversial issues surrounding Wnt signaling have been resolved by
dissecting the diversity of its downstream circuitry and effectors, often leading to
opposite outcomes of Wnt/β-catenin-mediated regulation and differences rooted
in stage- and context-dependent effects.
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REVIEW
Wnt some lose some: transcriptional
governance of stem cells by Wnt/b-catenin
signaling
Wen-Hui Lien1,3 and Elaine Fuchs2,3
1de Duve Institute and Universite´ Catholique de Louvain, B-1200 Brussels, Belgium; 2Howard Hughes Medical Institute,
Laboratory of Mammalian Cell Biology and Development, The Rockefeller University, New York, New York 10065, USA
In mammals, Wnt/b-catenin signaling features promi-
nently in stem cells and cancers, but how and for what
purposes have beenmatters of much debate. In this review,
we summarize our current knowledge of Wnt/b-catenin
signaling and its downstream transcriptional regulators in
normal and malignant stem cells. We centered this review
largely on three types of stem cells—embryonic stem
cells, hair follicle stem cells, and intestinal epithelial stem
cells—in which the roles of Wnt/b-catenin have been
extensively studied. Using these models, we unravel how
many controversial issues surrounding Wnt signaling have
been resolved by dissecting the diversity of its downstream
circuitry and effectors, often leading to opposite outcomes
of Wnt/b-catenin-mediated regulation and differences
rooted in stage- and context-dependent effects.
Wnt proteins are secreted glycoproteins that interact with
seven-pass transmembrane receptors of the Frizzled (Fzd)
family and/or single-pass transmembrane coreceptors, such
as lipoprotein receptor-related protein 5/6 (Lrp5/6), Ror2,
and Ryk (Vinson et al. 1989; Tamai et al. 2000; Wehrli et al.
2000; Liu et al. 2008). The interactions betweenWnt ligands
and their receptors result in the activation of various
intracellular signaling cascades that can be cross-connected
or act independently. Depending on the pathway activated,
Wnt signaling can regulate a variety of diverse processes,
including cell proliferation, differentiation, migration, and
polarity and asymmetric cell division (Clevers and Nusse
2012). Not surprisingly, deregulation of Wnt signaling has
been linked to a number of human diseases, including
cancers (Holland et al. 2013).
Wnt pathways fall into two general categories: canon-
ical and noncanonical Wnt signaling. Canonical Wnt
signaling is often referred to as the Wnt/b-catenin path-
way, as it happens when Wnt-stimulated signals trigger
b-catenin-dependent transcriptional activation. In contrast,
noncanonical Wnt pathways, including the Wnt/Ca2+
(calcium) and Wnt/JNK (c-Jun N-terminal kinase) path-
ways, are b-catenin-independent and usually trigger a vari-
ety of different intracellular signaling cascades (Fig. 1; Kuhl
et al. 2000, 2001; Oishi et al. 2003; Schambony and
Wedlich 2007; Liu et al. 2008).
Canonical and noncanonical signaling are generally
antagonistic and, consequently, mutually exclusive. How-
ever, they often reside at the intersection of critical cell
fate choices. Indeed, many embryonic progenitors employ
Wnt signaling in making fate choices during tissue mor-
phogenesis. As developing tissues set aside long-lived stem
cells to replenish dying or differentiating cells in homeo-
stasis and repair damaged tissue following injury, these
stem cells continue to use Wnt signaling to regulate their
behavior and lineage programs (Holland et al. 2013). How-
ever, despite a growing body of research, it has remained
ambiguous as to whether Wnt signaling pathways are
essential for maintaining the fundamental properties com-
mon to all stem cells, such as long-term self-renewal, and, if
so, how. In this review, we highlight recent studies that
begin to shed light on these important issues. Although
drawing on other models and pathways as needed, we focus
primarily on the fascinating biology of canonical Wnt
signaling in vertebrate stem cells and its complex regula-
tion through the interactions of b-catenin with transcrip-
tional regulators.
Overview of Wnt signaling pathways
Detailed descriptions of each of the classical Wnt signal-
ing pathways have been extensively covered elsewhere
(Nelson and Nusse 2004; Clevers and Nusse 2012;
Holland et al. 2013), and hence we only briefly summarize
them here. At the heart of the canonical Wnt signaling
pathway is the silencing of glycogen synthase kinase 3b
(GSK3b), which, if active, phosphorylates the N terminus
of any cytoplasmic b-catenin not used in cell–cell adhesion
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(Hart et al. 1999; Liu et al. 1999a). GSK3b forms a complex
with Axin, a priming kinase for b-catenin called casein
kinase 1a (CK1a), adenomatous polyposis coli (APC), and
YAP/TAZ (Liu et al. 2002; Lee et al. 2003; Azzolin et al.
2012). Also present in this so-called destructive complex is
the b-transducin repeat-containing protein (b-TrCP) E3
ligase, which ubiquitinates phosphorylated b-catenin and
targets it for proteasomal degradation (Fig. 1).
Upon the interaction of canonical Wnt ligands to its
receptors, Fzd, and coreceptor, LRP5/6, the Dishevelled
(Dvl) protein is recruited, the destruction complex is
inhibited, and b-catenin is stabilized in the cytoplasm
(Klingensmith et al. 1994;Noordermeer et al. 1994; Axelrod
et al. 1998; Tamai et al. 2000; Wehrli et al. 2000). Although
b-catenin itself has no DNA-binding domain, it can directly
impact gene expression if it interacts with a transcription-
al cofactor and translocates to the nucleus (Behrens et al.
1996).
The activation of canonical Wnt signaling can be
blocked by extracellular proteins, such as Dickkopf
(DKK), secreted Fizzled-related protein (SFRP), and Wnt
inhibitory factor (WIF), all of which inhibit Wnt ligand–
receptor interactions (Rattner et al. 1997; Glinka et al.
1998; Hsieh et al. 1999). Downstream pathway activation
can also be suppressed, as exemplified by the antagonistic
actions of intracellular kinase protein TGFb-activated
kinase 1 (TAK1)-activated Nemo-like kinase (NLK), which
blocks b-catenin-induced transcriptional activity. Notably,
the activation of TAK1–NLK may be mediated by one of
the noncanonical Wnt pathways described below (Ishitani
et al. 2003), further underscoring the opposing actions of
these pathways.
Noncanonical Wnt pathways are more diverse and less
well studied, and most of their attention comes from their
ability to interferewith canonicalWnt/b-catenin signaling.
Based on the intracellular mediators used, the noncanon-
ical Wnt pathways can be subdivided into two general
categories: the Wnt/Ca2+ and JNK pathways (Fig. 1). In the
Wnt/Ca2+ pathway, the interaction of noncanonical Wnt
ligands and receptors recruits Dvl and G protein and leads
to the activation of phospholipase C (PLC), thereby trig-
gering intracellular calcium release. Induced calcium ion
flux can activate secondmessengers such as protein kinase
C (PKC), calcium–calmodulin-dependent kinase II (CamKII),
or the calcium-dependent phosphatase calcineurin (CaN)
(Kuhl et al. 2000; Ahumada et al. 2002; Sheldahl et al. 2003;
Kohn and Moon 2005; Ma and Wang 2007). In addition to
TAK1/NLK, CamKII can also antagonize theWnt/b-catenin
pathway (Ishitani et al. 2003), while activated CaN can de-
phosphorylate nuclear factor of activated T-cell (NFAT)
transcription factors, which can then enter the nucleus
and activate their target genes (Murphy and Hughes 2002;
Mikels and Nusse 2006).
In parallel, PKC members can activate the small
GTPase Cdc42, which can in turn funnel into the planar
cell polarity (PCP) pathway (Fig. 1). PCP can also be
coregulated by Rho and Rac GTPases, which are activated
in Wnt/JNK noncanonical signaling. In contrast to cal-
cium-regulated noncanonical signaling, Wnt/JNK signal-
ing uses Ror2-dependent circuitry to activate downstream
effectors of the activating protein-1 (AP-1) family of
transcription factors (Fig. 1; Oishi et al. 2003; Schambony
and Wedlich 2007). In intestinal homeostasis and cancer
development, JNK/AP-1 has been shown to cross-interact
Figure 1. Overview of Wnt signaling path-
ways. This schematic diagram displays sim-
plified canonical (b-catenin-dependent) and
noncanonical (b-catenin-independent) Wnt
signaling pathways. In the absence of Wnt,
b-catenin is targeted by a destructive complex
that phosphorylates b-catenin for its degrada-
tion. This complex is composed of the core
proteins Axin, CK1a, APC, and GSK3b. Like
b-catenin, YAP/TAZ can also associate with
this complex and in fact is essential for its
recruitment of the b-TrCP E3 ubiquitin ligase,
which ubiquinates and targets b-catenin for its
degradation (Azzolin et al. 2014). Binding of
Wnt to Fzd and LRP5/6 activates the cytosolic
protein Dvl, leading to the inhibition of the
complex. Accumulation of stabilized b-cate-
nin in the presence of LEF/TCF transcription
factors results in their translocation into the
nucleus to activate Wnt-responsive genes.
This activation can be suppressed by TAK1–
NLN, which is activated through noncanoni-
cal Wnt pathways. Delineated here are also
Wnt/Ca2+ and Wnt/JNK pathways, both of which are b-catenin-independent. Binding of Wnt isoforms to either Fzd or other tyrosine
kinase-like receptors (e.g., Ror2) can trigger multiple signaling cascades. Some of them result in activation of small GTPase Rho, Rac, and
Cdc42 that regulate cytoskeleton rearrangement and planar cell polarity (PCP); some of cascades trigger transcriptional events by
activating transcription factors (e.g., NFAT or AP-1). The mechanisms underlying b-catenin-independent Wnt signaling are also likely to
be determined by cellular context and remain elusive. See the text for references.
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with the Wnt/b-catenin pathway via an interaction be-
tween c-JUN and TCF4 (Nateri et al. 2005). Genome-wide
chromatin immunoprecipitation (ChIP) analyses for b-
catenin with human colon cancer cells further reveal that
b-catenin-enriched regions contain both AP-1 and TCF4
consensus motifs (Bottomly et al. 2010), underscoring the
cross-talk between these two Wnt pathways. These facets
begin to illuminate the complexities involved in Wnt
pathway activation and the potentially intersecting sig-
naling cascades that can be triggered. In this review, we
focus on canonical Wnt signaling and its downstream
transcriptional effectors in mammalian embryonic and
adult stem cells and their lineages.
Transcriptional regulators in the Wnt/b-catenin
signaling pathway
Wnt/b-catenin signaling directs cell fate and proliferation
in a variety of cell types (Blanpain and Fuchs 2009; Clevers
andNusse 2012). The core of the pathway is the stability of
b-catenin, a protein that plays a dual role in intercellular
junction formation and transcriptional regulation (Hulsken
et al. 1994; Behrens et al. 1996; Nelson and Nusse 2004).
Indeed, b-catenin was first characterized as an adherens
junction protein, which, through its Armadillo repeats,
binds to the core transmembrane adhesion protein E-
cadherin and, through its N-terminal domain, associates
with a-catenin, a protein that binds actin and other actin-
regulators.
The discovery that b-catenin can also bind to members
of the LEF/TCF family of DNA-binding proteins solved
a long-standing Drosophila genetics puzzle as to how as
the downstream effector of Wnt signaling, stabilized b-
catenin, can enter the nucleus and influence the trans-
cription of genes. Simultaneously, it shed light on a
paradox in the mammalian transcriptional field as to
how the group of LEF/TCF DNA-binding proteins can
transactivate their targets (Behrens et al. 1996; Huber et al.
1996; Molenaar et al. 1996; Brunner et al. 1997; Korinek
et al. 1997; van de Wetering et al. 1997; Hsu et al. 1998).
Like other high-mobility group (HMG) box-containing
proteins, LEF/TCF proteins possess minimal transcrip-
tional activity on their own and must affect transcription
by recruiting various binding cofactors, which in turn re-
cruit chromatin modifiers to suppress or activate their
target genes (Fig. 2A).
The mammalian LEF/TCF family encompasses LEF1,
TCF1 (encoded by Tcf7), TCF3 (encoded by Tcf7l1), and
TCF4 (encoded by Tcf7l2) (Fig. 2B). In vitro studies with
recombinant proteins revealed that these monomers rec-
ognize a core consensus sequence, the LEF/TCF DNA-
binding motif (Giese et al. 1991; Hurlstone and Clevers
2002). Like E-cadherin, LEF/TCFs contain a domain that
can interact with Armadillo repeats, which serve as the
platform for b-catenin binding (Hecht et al. 2000; Barker
et al. 2001). b-Catenin binds LEF/TCFs through Armadillo
repeats 3–10 and then uses its C terminus to interact with
other cofactors, including the chromatin modifiers CBP/
p300 and Brg1, which ensure the efficient transcription of
its target genes (Fig. 2C).
Among the many coactivators identified in Wnt-depen-
dent transcription, the Drosophila Pygopus (Pygo) protein
is particularly interesting. It was identified through its
association with BCL9/Legless, which binds to b-catenin
(Fig. 2A; Kramps et al. 2002; Thompson et al. 2002;
Hoffmans and Basler 2004; Townsley et al. 2004; Li et al.
2007). That said, Pygo can also directly interact with TCFs
in a Wnt-independent manner, where it appears to serve as
a histone methylation reader and context-dependent LEF/
TCF anti-repressor to facilitate subsequentWnt-dependent
transcription (de la Roche and Bienz 2007; Mieszczanek
et al. 2008;Gu et al. 2013). Interactions between chromatin
remodeling factors and b-catenin have been reviewed
elsewhere (Mosimann et al. 2009).
The ability of LEF/TCF to repress genes has been
attributed to transducin-like Enhancer of split (TLE) pro-
teins, which are mammalian homologs of the Drosophila
Groucho transcriptional corepressor (Roose et al. 1998).
Although not exclusive to the Wnt pathway, TLE proteins
regulate canonical Wnt transcription by binding to LEF/
TCF family members and acting as adapters to recruit
negative chromatin modifiers (Fig. 2A; Cavallo et al. 1998;
Brantjes et al. 2001; Arce et al. 2009; Cadigan andWaterman
2012). It is known that in the absence of Wnt signaling,
TCFs interact with a TLE tetramer (Brantjes et al. 2001).
In turn, this complex has been shown to recruit histone
deacetylases (HDACs) to form a specialized repressive
chromatin structure that prevents the inappropriate
activation of TCF target genes (Fig. 2D; Chen et al.
1999; Arce et al. 2009).
Recent in vitro structural analyses further show that
the TLE tetramer functions in chromatin repression
through binding to K20 methylated histone H4 tails,
which in turnmore readily form repressive complexes with
TCF3 and TCF4 than with TCF1 and LEF1 (Chodaparambil
et al. 2014). These findings agree well with recent in vivo
ChIP and Illumina deep sequencing (ChIP-seq) and RNA
sequencing (RNA-seq) on purified quiescent hair follicle
stem cells (HFSCs), which show that TCF3, TCF4, andTLEs
bind to common chromatin sites in the absence of Wnt
signaling (Lien et al. 2014). These TCF3/TCF4/TLE-bound
genes include chromatin-repressed genes that must be
derepressed by canonicalWnt signaling in order to activate
hair follicle fate specification (Lien et al. 2014). Although it
was initially surmised that nuclearb-catenin directly binds
LEF/TCF and displaces Groucho/TLE repressors (Daniels
and Weis 2005), derepression may not necessarily involve
a competitive mechanism (Chodaparambil et al. 2014).
In addition to TLEs, in vitro studies have shown that
C-terminal-binding protein (CtBP) can bind to TCF4,
repress Wnt-responsive reporter activity, and reduce ex-
pression of an endogenousWnt target gene,Axin2 (Valenta
et al. 2003; Cuilliere-Dartigues et al. 2006). Whether this
interaction occurs and is relevant to TCF-mediated chro-
matin repression in vivo remains unknown; notably, how-
ever, CtBP-binding sites appear to be exclusive to TCF3
and TCF4. The preferential binding of these corepressors,
TLE and CtBP, to TCF3 and TCF4 is interesting in light of
the long-standing observation that in the hair follicle, TCF3
and TCF4 are present in quiescent stem cells, where Wnt
Transcriptional governance by Wnt signaling
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reporter activity is silent. In contrast, LEF1 is present under
conditions where Wnt reporter activity is active—initially
in hair germ (HG) progenitors upon their activation and
then at greatly amplified levels in the transit-amplifying
matrix cells as they become fated to differentiate andmake
the hair shaft (DasGupta and Fuchs 1999; Merrill et al.
2001; Nguyen et al. 2006, 2009; Lien et al. 2014). Indeed,
TCF3 and TCF4 often appear to function to lower tran-
scriptional levels of their targets, while TCF1 and LEF1 are
more typically viewed as transcriptional enhancers of Wnt
signaling (Merrill et al. 2004; Yi et al. 2011; Wu et al. 2012).
These opposing behaviors can be observed even when the
proteins coexist under conditions that favor Wnt signaling.
We return to the differential roles in transcriptional regu-
lation of LEF/TCF regulators in the following section.
How receiving stem cells perceive external Wnt cues
The first genome-widemapping of TCF3was performed on
cultured murine embryonic stem (ES) cells, where it was
shown that TCF3 binds in close proximity to the chromatin-
bound sites of the core pluripotency transcription factors
Oct4, Nanog, and Sox2 (Cole et al. 2008). In the absence of
Wnt, expression of pluripotency factors are negatively
regulated byTLE/Groucho or CtBP proteins (Fig. 3A; Pereira
et al. 2006; Tam et al. 2008), and when Wnt signaling is
activated or TCF3 is absent, core pluripotency factors
are up-regulated (Cole et al. 2008; Yi et al. 2011). When
combined with the recent findings of Chodaparambil
et al. (2014) and the findings delineated for the hair
follicle above (Merrill et al. 2001; Nguyen et al. 2006,
2009; Greco et al. 2009; Hsu et al. 2014; Lien et al. 2014),
these findings suggest that binding of b-catenin to TCF3
alters the TCF3-bound repressive chromatin state, in turn
activating target genes (Fig. 3B).
In Xenopus, the activation of TCF3-repressed target
genes has been shown to occur by a different mecha-
nism. In this case, b-catenin appears to stimulate the
homeodomain-interacting protein kinase 2 (Hipk2), which
in turn can phosphorylate TCF3 (Hikasa et al. 2010;
Figure 2. Transcriptional regulation and structural
organization of canonical Wnt regulators. (A) Sche-
matic depicts a transcriptional activation or repres-
sion complex of LEF/TCF onWnt target genes. In the
activation mode, b-catenin interacts with a member
of the LEF/TCF family of DNA-binding proteins.
This conformation is thought to recruit histone
modifiers CBP/p300 and BRG1 to yield an active
chromatin structure for its target genes (Hecht et al.
2000; Takemaru and Moon 2000; Barker et al. 2001).
Also participatory in this chromatin activation step
is the H3K79 methyltransferase Dot1l, which, in the
intestinal crypt, has been shown to be recruited to
Wnt target genes in a b-catenin-dependent manner,
thereby orchestrating broader chromatin remodeling
and transcriptional elongation (Mahmoudi et al.
2010). Recruitment of BCL9 and Pygo are known to
enhance b-catenin transactivator activity, although
the mechanisms are still unfolding (Kramps et al.
2002; Thompson et al. 2002; Hoffmans and Basler
2004; Townsley et al. 2004; Li et al. 2007). Converse-
ly, when nuclear b-catenin is absent, TCF3 and/or
TCF4 proteins interact with transcriptional repressor
Groucho/TLEs and in turn recruit histone deacetylase (HDAC) to yield an inactive chromatin state for the target genes. Another
repressor, CtBP, has also been reported to interact with TCF4 for gene silencing (Cavallo et al. 1998; Brantjes et al. 2001; Valenta et al.
2003; Cuilliere-Dartigues et al. 2006; Arce et al. 2009; Cadigan and Waterman 2012). In general, whether LEF/TCF proteins act to activate
or repress genes is determined by their binding partners and is cell context-dependent. (B–D) Structural organization of LEF/TCF member
proteins, b-catenin, and Groucho/TLE protein. Line diagrams shown above and below the structures display binding domains for the
indicated proteins. (B) LEF/TCF member proteins share a conserved structural organization, which consists of b-catenin-binding domain
(bBD), putative Groucho/TLE-binding domain (GBD), and HMG DNA-binding domain. The CtBP-binding domain is seen for only TCF3
and TCF4 proteins. (C) The diagram displays the coactivator, b-catenin, which comprises 12 Armadillo repeats in the center of the protein
structure. These repeats mediate most of the interactions between b-catenin and its binding partners, including the destruction complex
components AXIN/APC, intercellular molecule E-cadherin, LEF/TCF transcription factors, histone modifier Brg1, and cofactor BCL9. The
N-terminal region of b-catenin contains conserved phosphorylation residues for GSK3b for subsequent proteolytic degradation, and this
region is also recognized by junctional protein a-catenin (Nelson and Nusse 2004). The C-terminal domain of b-catenin includes potent
transcriptional transactivation elements that recruit coactivators TBP and CBP/p300. (D) The diagram depicts a model for the Groucho/
TLE proteins (Chodaparambil et al. 2014). Most of them share a conserved structural organization, which consists of a glutamine-rich (Q)
domain followed by a glycine/proline-rich (GP) domain, CcN domain, serine/proline-rich (SP) domain, and WD repeat domain. Recently, it
was shown that TCF3 and TCF4 can bind to the N-terminal region of TLE1, while HDACs are thought to be recruited by TLEs through their
GP domain. TCF1 and LEF1 appear to have weaker binding to TLEs, which may account for their more typical behavior as coactivators
rather than repressors for Wnt signaling (Chodaparambil et al. 2014). Other than TCFs, Groucho/TLEs also interact with other
transcriptional factors (e.g., HES1) through their C-terminal region (Grbavec et al. 1998).
Lien and Fuchs
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Hikasa and Sokol 2011; Sokol 2011). Phosphorylated
TCF3 exhibits a reduced DNA-binding affinity, sug-
gesting a model in which Wnt-induced Hipk2 phos-
phorylation results in a depression of TCF3 target genes
(Fig. 3C).
Whether this mechanism is operative in mammalian
cells is not yet clear. However, HipK2 is expressed in
mammalian cells, and it was recently reported that it can
act to interfere with TLE/Hes-mediated inhibition of
neuronal differentiation (Ciarapica et al. 2014). Additional
intrigue stems from the finding that in Xenopus, TCF3
binding to its targets can be replaced by TCF1 following
Hipk2-mediated removal of TCF3 (Hikasa and Sokol
2011). Notably, this kind of exchange between TCF3-
mediated gene repression and TCF1-mediated gene acti-
vation ofWnt targets has also been identified in murine ES
cells (Fig. 3D; Yi et al. 2011). That said, in ES cells, the
switch fromTCF3 to TCF1 uponWnt-mediated activation
of differentiation is achieved not by TCF3 phosphorylation
but rather by b-catenin-dependent targeting of TCF3 for
proteasomal degradation (Shy et al. 2013). This interesting
facet opens the door for yet another dimension by which
perceived canonical Wnt signaling can change within
different cell types.
Although LEF/TCF member proteins have long been
considered b-catenin’s primary interacting partners, sev-
eral reports suggest that there are other means for canon-
ical Wnt signaling to influence gene expression. For nearly
a decade, evidence has been accumulating for a role for
b-catenin inmediating gene regulation by steroid hormone
receptors, including androgen and vitamin D receptors
(Song et al. 2003; Shah et al. 2006; Palmer et al. 2008; Lee
et al. 2013; Liu et al. 2013). Additionally, it has been
suggested thatb-catenin can interact with ES cell regulator
Oct4 and in turn up-regulate Oct4 target genes (Fig. 3E;
Pardo et al. 2010; van den Berg et al. 2010). These in-
teractions seem to be dependent on the stabilization of
b-catenin through canonical Wnt signaling. In general,
however, these nonclassical models of Wnt/b-catenin-
mediated gene regulation have been difficult to track,
since many of these transcription factors have activities
that are Wnt/b-catenin-independent and that can, in turn,
impact on canonical Wnt signaling.
Wnt/b-catenin signaling and stem cell self-renewal:
to b or not to b?
Stem cells have the ability to self-renew; i.e., to proliferate
and remain in an undifferentiated state. They also have the
capacity to differentiate upon signal stimulation. ES cells
are characterized by their ability to generate all cell
lineages of an organism, while adult stem cells exhibit
a limited repertoire of differentiation pathways that are
tailored to suit the particular needs of their host tissue.
ES cells exist in a naı¨ve state, displaying a particular
open chromatin structure with fewer epigenetic marks
than adult stem cells (Nichols and Smith 2009). The
decision of an ES cell to either proliferate and maintain
this naı¨ve state or commit to a particular differentiation
programcan bemanipulated by changing culture conditions.
Various signaling molecules, including Wnts, can modu-
late decisions of ES cells.
Pluripotency can be maintained as long as conditions
favor expression of the core transcription factors Oct4,
Sox2, and Nanog (Boyer et al. 2005). Indeed, pluripotency
can be established from adult tissue cells with a slightly
different cohort of factors: Oct4, Sox2, Klf4, and c-Myc
(Takahashi and Yamanaka 2006; Takahashi et al. 2007).
This reprogramming process, which generates so-called
induced pluripotent stem cells (iPSCs), is robust and
works with a wide range of differentiated cells. Addition-
ally, myc is a Wnt/b-catenin signaling target gene, and
Wnts, GSK3b inhibitors, and Tcf7l1 ablation enhance
somatic cell reprogramming and iPSC formation (Lluis
et al. 2008, 2011; Marson et al. 2008).
The efficiency ofWnt/b-catenin-stimulated reprogram-
ing appears to be stage-dependent, and, intriguingly,
TCF3/4 and LEF1/TCF1 act temporally in this process
(Ho et al. 2013). Moreover, the differential action of LEF/
TCF members in iPSC reprogramming is the reverse of
that seen in the progression of ES cells to differentiate
(Yi et al. 2011). As discussed above, b-catenin’s potency
on iPSC reprogramming stems in part from its direct
interaction with reprogramming factors to enhance
Figure 3. Proposed mechanisms of Wnt/b-catenin signaling in
ES cells. (A) In the absence of Wnt stimulation, b-catenin is
degraded, and TCF3 interacts with corepressors to prohibit
target genes from activation. Upon Wnt activation, stabilized
b-catenin can either replace the corepressors, resulting in de-
repression of target genes (B), or mediate the interaction of
Hipk2 with TCF3 (C) (Hikasa et al. 2010; Hikasa and Sokol
2011). Hipk2–TCF3 interaction causes phosphorylation of
TCF3, and this modification leads to removal of TCF3 from
target promoters, resulting in transcription derepression. (D)
Furthermore, it has also been proposed that Hipk2-mediated
release of the TCF3 repressor can lead to the replacement of the
TCF1 activator working with b-catenin for target gene activa-
tion (Hikasa and Sokol 2011; Yi et al. 2011). (E) Another model
proposed in ES cells is a TCF-independent regulation of b-catenin
via interacting with ES cell core factor Oct4 to transactivate
target genes (Pardo et al. 2010; van den Berg et al. 2010). These al-
ternative models have been proposed to maintain the pluripotency
of ES cells.
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expression of pluripotency circuitry genes (Zhang et al.
2014).
Whether Wnt/b-catenin signaling is essential for the
maintenance of ES cells has been controversial. While
many reports indicated that the Wnt/b-catenin pathway
is required for the establishment and self-renewal of ES
cells (for example, Sato et al. 2004; ten Berge et al. 2011),
others have found that its activation results in differen-
tiation towardmesoderm and endoderm lineages (Lindsley
et al. 2006; Bakre et al. 2007; Davidson et al. 2012). Al-
though some of these seemingly opposing differences
can be attributed to differences between human and
mouse ES cells, relative differences in levels of Wnt sig-
naling are well known to affect cell fate outcome and
could be a contributing factor (for review, see Merrill
2012). In this regard, it was recently reported that within
human ES cell (hESC) populations, some cells are more
Wnt-sensitive than others, and, upon differentiation, the
Wnt(high) hESCs predominantly form endodermal and
cardiac cells, whereas the Wnt(low) hESCs generate pri-
marily neuroectodermal cells (Blauwkamp et al. 2012).
Similarly, short-term treatment of the GSK3b inhibitor
BIO or soluble Wnt3a protein has been shown to stimulate
ES cell self-renewal andmaintain pluripotency, while long-
term treatment of ES cells with Wnt3a reduces their self-
renewing capacity and leads to differentiation. Conversely,
blocking Wnt function or loss of b-catenin in ES cell
cultures leads to a morphology and gene expression profile
more similar to that of the epiblast, a later developmental
stage in the embryo (ten Berge et al. 2011; Wray et al.
2011).
Although these data provide a compelling case that
Wnt/b-catenin can influence the naı¨ve pluripotent state,
several findings are difficult to reconcile. During embryo-
genesis, even though TCF3 is expressed in the mouse
epiblast, canonical Wnt signaling has not been detected
until gastrulation, where Wnt reporters become active
concomitant with LEF1 and TCF1 in the primitive streak
(Liu et al. 1999b). Moreover, a pregastrulation phenotype
arises either upon complete TCF3 loss or when a knock-
in mutation is generated to produce endogenous TCF3
lacking its b-catenin-interacting domain (Merrill et al.
2004; Wu et al. 2012). These findings indicate that at least
in mice, TCF3 is required for early embryonic develop-
ment, while Wnt/b-catenin signaling functions later, in
cell lineage specification. Further corroborating these
results is the fact that cultured mouse ES cells targeted
for b-catenin loss can self-renew but are defective in
differentiation (Lyashenko et al. 2011).
Similar findings have been reported for adult HFSCs,
which can self-renew and be passaged long-term in the
absence of b-catenin when they are maintained in culture
conditions that favor TCF3/4 repression (Lien et al. 2014).
In contrast, in vivo, the TCF3/4-high stem cells can
persist for months in the absence of b-catenin, but the
cells are unable to induce hair lineage differentiation
(Choi et al. 2013; Lien et al. 2014). Moreover, when
stimulated by plucking the old hair formed prior to
Ctnnb1 ablation, b-catenin-deficient HFSCs proliferate,
move upward, and promote sebocyte differentiation,
resulting in an enlarged sebaceous gland (Lien et al.
2014). These findings underscore HFSC roles for (1)
b-catenin in directing fate choices and differentiation
and (2) TCF3/4 in lowering transcriptional activity of its
targets. They further demonstrate convincingly that
canonical Wnt/b-catenin is not an obligatory require-
ment for stem cell viability.
Wnt signaling and asymmetric cell divisions
A priori, the seeming paradoxes surrounding canonical
Wnt signaling’s role in stem cell self-renewal could be
attributable to species-specific or cell type-specific differ-
ences or Wnt levels (Reya et al. 2003; Sato et al. 2004; ten
Berge et al. 2011; Wray et al. 2011). Several tantalizing
alternatives add to these possibilities. One is that Wnt/
b-catenin may function specifically in asymmetric cell
divisions rather than self-renewal per se. To maintain
a balance of dividing and differentiating cells within
a tissue, many progenitors divide asymmetrically, yield-
ing one progenitor and one cell fated to differentiation
(Neumuller and Knoblich 2009; Yamashita et al. 2010).
Caenorhabditis elegans embryos show early signs of
Wnt/b-catenin-dependent asymmetric cell divisions,
which distinguish and specify the fates of early progeni-
tors (Mizumoto and Sawa 2007; Owraghi et al. 2010; Ren
and Zhang 2010). More recently, it was shown that if
a bead of Wnt3a is applied to one side of a murine ES cell,
b-catenin will asymmetrically distribute to its two
daughter nuclei (Habib et al. 2013).
These findings suggest that polarized canonical Wnt
signaling could be important in promoting asymmetric
cell divisions, providing a putative explanation for how
Wnts may function in both stem cells and promoting
differentiation. Moreover, since many stem and progeni-
tor cells can divide both asymmetrically and symmetri-
cally (Lechler and Fuchs 2005; Poulson and Lechler 2010)
and since this can shift to primarily symmetric divisions in
cancers (Driessens et al. 2012; Mascre et al. 2012), it is
tempting to speculate thatwhenWnt signaling is apolarized
or too high, symmetrical divisions can arise, which may
include fating both daughters to differentiate. If so, such
shifts in Wnt levels, coupled with the ability of Wnts to
influence asymmetric cell divisions, could explain many
seemingly contradictory findings and shift the attention
from species and cell type differences to ones rooted in
polarization and the levels of Wnt signaling perceived
internally by the receiving stem cell/progenitor.
YAP/TAZ and Wnt/b-catenin: juggling proliferation
between two intersecting pathways
Another interesting facet in tissue-specific regulation by
LEF/TCFs and b-catenin is that Wnt signaling cascades
often intersect with other signaling pathways to display
synergistic or antagonistic action on stem cell behavior.
A particularly intriguing intersection is the pathway
involving the YAP/TAZ transcriptional regulators, which
govern proliferation in a variety of cells and tissues. YAP/
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TAZ can be regulated by mechanosensing, a feature that
can block its inhibitory kinase, Hippo, and enable YAP/
TAZ to translocate into the nucleus and function as
transcriptional cofactors for the TEAD family of DNA-
binding proteins (Varelas et al. 2010; Heallen et al. 2011;
Azzolin et al. 2012; Imajo et al. 2012; Aragona et al. 2013).
Hippo signaling can also regulate b-catenin, and, re-
ciprocally, YAP/TAZ can inhibit Wnt/b-catenin signal-
ing (Varelas et al. 2010; Heallen et al. 2011; Imajo et al.
2012).
Interestingly, Wnt signaling can also induce YAP/TAZ
stabilization and nuclear translocation in a manner in-
dependent of Hippo signaling. Unexpectedly, YAP/TAZ
turns out to be essential for the recruitment of b-TrCP
into b-catenin’s destruction complex, which is active in
the absence of Wnts (Fig. 1). UponWnt stimulation, YAP/
TAZ is released from the destruction complex, and this in
turn promotes b-catenin’s stabilization and activation as
well as YAP’s nuclear translocation (Azzolin et al. 2014).
Whether YAP/TAZ and b-catenin transcriptional pro-
grams coordinately govern stem cell behavior in ho-
meostasis and wound repair and, if so, how are not
yet clear. The fact that YAP/TAZ can be activated in
both a Wnt-dependent and a Wnt-independent manner
makes it a particularly intriguing topic for intense future
research.
Wnt/b-catenin signaling in balancing growth
and differentiation of tissues
Many of the paradigms for canonical Wnt signaling in
balancing homeostasis have been unearthed through the
study of adult mammalian tissue stem cells, particularly
the intestine and skin. The behaviors of adult stem cells are
largely modulated by factors coming from their microen-
vironment, or niche. While canonical Wnt signaling affects
the behavior ofmany adult stem cells, signaling can be high
or low depending on the stem cells and their niche. In the
quiescent HFSC niche, perceived Wnt signaling is low,
corresponding to the high levels of TCF3, TCF4, and TLEs
as well as BMP and calcium signaling, which leads to high
levels of nuclear NFATc1, typically viewed as a noncanon-
ical Wnt effector (DasGupta and Fuchs 1999; Merrill et al.
2001; Horsley et al. 2008; Keyes et al. 2013; Lien et al. 2014).
Reductions in BMP signaling and elevation of canonical
Wnt signaling are necessary to stabilize b-catenin, repress
TCF3/4, and activate LEF1 to send the stem cells along the
hair differentiation lineage (Fig. 4A; Greco et al. 2009;
Hsu et al. 2014). It remains to be determined whether this
switch involves Wnt/b-catenin-mediated targeting of
TCF3/4 for proteasomal degradation, as happens in murine
ES cells (Shy et al. 2013), or phosphorylation-dependent
relief of TCF3/4 binding to its chromatin sites, as reported
in Xenopus (Hikasa et al. 2010; Hikasa and Sokol 2011).
Given the complexities unraveled thus far, it would not be
surprising to see some hitherto as yet alternative pathway
is at the root of the regulatory circuit.
For the hair follicle, this change in signaling is achieved
through prolonged transcriptional cross-talk occurring
between the ‘‘primed’’ HG progenitors at the base of the
niche and a cluster of underlying dermal papilla (DP)
cells, which serve as a transient stimulus for initiation of
stem cell activity. These primed HG progenitors have
a lower threshold for activation when receiving stimu-
lating cues from the niche (Greco et al. 2009). However,
once these progenitors get activated and form the pool of
transit-amplifying progeny, self-renewal of the HFSCs to
replenish the niche is accomplished by Shh signaling
emanating from the transient amplifying cells (TACs)
(Hsu et al. 2014). This proliferation is brief: Soon, the
TACs (and their Shh signal) and the DP (and their BMP
inhibitory signals) move too far away from the stem cell
niche, which then returns to quiescence (Hsu et al. 2011,
2014). Intriguingly, when b-catenin levels are artificially
high in transgenic HFSCs, they stimulate the prolifer-
ation of neighboring HFSCs non-cell-autonomously
(Deschene et al. 2014). Given that Shh activation is a
downstream event of Wnt signaling in the hair follicle, it
will be interesting to see whether this phenomena
entails the same mechanism as described by Hsu et al.
(2014).
In the mature hair follicle, sustained cross-talk between
the LEF1-expressing TACs and the DP in the bulb leads
to sustained canonical Wnt signaling, which drives hair
keratin gene transcription and hair formation (Zhou et al.
1995; DasGupta and Fuchs 1999). As TACs halt prolifer-
ation and differentiation, hair growth stops, the follicle
regresses upward, and the DP returns to its position below
the stem cell niche. Interestingly, overexpression of a
mutant form of LEF1 that is unable to bind b-catenin
alters the fate choices ofHFSCs andTACs toward sebocytes
(Merrill et al. 2001; Niemann et al. 2002; Petersson et al.
2011). Similar differentiation defects were also found in
b-catenin-null hair follicles and depilation-activated
HFSCs that lack b-catenin (Huelsken et al. 2001; Lien
et al. 2014). The synchrony of these cycles of stem cell
activation and lineage differentiation (along with the
switch from TCF3/4 to LEF1) and the changes in levels
of perceived Wnt signaling have made the murine hair
cycle an excellent model for dissecting these underlying
signaling circuitries.
In contrast, the intestinal epithelium has served as an
ideal system for examining the signaling pathways that
drive continuous stem cell activity. Every 3–5 d, a transit-
amplifying progeny of the intestinal stem cell (ISC) has
moved outward and differentiated and is sloughed from
the villus. The process is fueled by the near-continual
cycling of the multipotent stem cells that reside within
the crypt (Barker et al. 2007; Tian et al. 2011; Clevers and
Nusse 2012; Yui et al. 2012). These ISCs are responsible
for generating the villus cells, enteroendocrine cells,
goblet cells, and Paneth cells. While transit-amplifying
progenitors form the enteroendocrine, goblet, and villus
cells, Paneth cells are considered as niche cells for ISCs
and are the major source of Wnt signaling in the crypt
(Fig. 4B; Sato et al. 2011; Yan et al. 2012).
The importance of Wnt/b-catenin signaling in the
maintenance of the adult murine intestine was first
demonstrated by the loss of intestinal crypts that arises
from either b-catenin deficiency or ectopic expression of
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the Wnt inhibitor DKK1 (Pinto et al. 2003; Ireland et al.
2004). This corroborated earlier studies showing that
failure to express TCF4 led also to a failure to form/
maintain ISCs and intestinal crypts (Korinek et al. 1998).
Conversely, ISCs can generate minigut organoid cultures
and maintain them long term in vitro as long as R-
spondin is present to stimulate canonical Wnt signaling
(Sato et al. 2009). Intriguingly, optimal maintenance of
ISCs in vitro is also achieved by inhibiting BMP signaling
(He et al. 2004; Sato et al. 2009), suggesting that these two
signals may go hand in hand in stimulating primed or
active stem cells. In contrast, Shh signaling has not been
described in the intestinal epithelium, indicating that
downstream signaling by the TACs may be suited to the
particular needs of each epithelium.
Another interesting parallel between HFSCs and ISCs
is that they each exist in two discrete states based in part
on their sensitivity to Wnt signaling: In both cases, the
more quiescent stem cells (hair follicle bulge and crypt +4
ISCs) are in a more Wnt-restricted microenvironment,
while the primed progenitors (HG) or active stem cells (0
to +3 ISCs) have a reduced threshold for activation upon
canonical Wnt stimulation (Sangiorgi and Capecchi 2008;
Greco et al. 2009; Tian et al. 2011; Buczacki et al. 2013;
Ritsma et al. 2014). In both cases, Wnt/b-catenin activity
is associated with proliferation and cell fate determina-
tion, and, as discussed above, these two features might be
inseparable if Wnt/b-catenin turns out to function in
these tissues at least in part to promote asymmetric cell
divisions. Moreover, in a fashion strikingly similar to
what was first described for the terminally differentiating
cells of the hair follicle (Zhou et al. 1995; DasGupta and
Fuchs 1999; Merrill et al. 2001), very high levels of Wnt
signaling in the intestine are associated with terminal
differentiation—in this case, the Paneth cell (Andreu
et al. 2005, 2008).
While parallels between stem cell activation and fate
specification in the intestine and hair follicle are quite
striking, their paradigms have been technically more
challenging to test in epidermis. In humans, the epider-
mis turns over every 4 wk. Its near continual state of
homeostatic flux is attributable to stem cells that reside
within the innermost, basal layer. These cells have
elevated levels of integrins (Jones et al. 1995) and appear
to exist in both quiescent and active states (Lavker and
Sun 1982; Bickenbach and Holbrook 1987). In contrast,
the interfollicular epidermis of hairy mammals is con-
siderably thinner and less proliferative than in higher
Figure 4. Wnt/b-catenin signaling in adult HFSCs
and intestinal stem cells (ISCs). (A) Wnt/b-catenin
signaling regulation in HFSCs, located primarily at
the base of the bulge in a region referred to as the HG.
This small cluster of HFSCs is abutted next to the
dermal papilla and is the first to proliferate at the
telogen-to-anagen transition. Our recent data have
shown that TCF3/TCF4 act as transcriptional re-
pressors by recruiting TLEs and HDACs to constrain
Wnt target gene expression in quiescent HFSCs
during telogen (Lien et al. 2014). Interestingly, at
the start of each new hair cycle, TCF3 and TCF4
decline, while LEF1 and TCF1 levels are elevated
following Wnt/b-catenin signaling and are concom-
itant with the emergence of the transit-amplifying
pool of Shh-expressing matrix cells (Hsu et al. 2014).
Thus, here we propose a LEF/TCF switch model
from TCF3/4-mediated transcriptional repression
in HFSCs to LEF1/TCF1-dependent gene activation
in HG cells. (B) Wnt/b-catenin signaling regulation in
ISCs. ISCs, including Lgr5+ CBCs and +4 LRCs, and
their niche Paneth cells are located at the base of
crypt (Barker et al. 2007; Sato et al. 2011; Tian et al.
2011; Yan et al. 2012). The transient amplifying cells
(TACs) migrate upward and differentiate along the
crypt–villus axis. The crypt cells are surrounded by
myofibroblasts. At the crypt basis where Wnt levels
are high, Paneth cells are indicated as the Wnt-
secreting source to stimulate Wnt-responding CBCs
(Sato et al. 2011), whereas the expression of Wnt
inhibitor SFRP5 was detected in +4 LRCs (Gregorieff
et al. 2005), and this might prevent them from
activation in the Wnt-rich environment. Among
LEF/TCF family proteins, TCF4 has been shown as
a critical regulator in adult intestinal epithelial cells
(van Es et al. 2012).
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primates. Moreover and in contrast to human epidermal
stem cells (Green 1991) and murine HFSCs (Blanpain
et al. 2004), murine epidermal cells have thus far failed in
typical assays used to measure stemness, such as long-
term culture and engraftments. In vivo documentation of
stemness by long-term lineage tracing is also fraught with
the caveat that scratch-induced wounding can compli-
cate interpretations, even for studies of the thicker
epidermis of the mouse ear, tail, or hindlimb (Clayton
et al. 2007; Mascre et al. 2012; Lim et al. 2013). Hence,
even though it has long been established that basal
epidermal cells generate columnar units of differentiating
cells (Allen and Potten 1974; Vasioukhin et al. 1999), it
still remains unresolved as to whether the murine basal
layer harbors a discrete population of stem cells with
longer-term potential than its neighbors.
Similar questions surround the role of canonical Wnt/
b-catenin signaling in the interfollicular epidermis. When
mice are targeted for loss of b-catenin (Ctnnb1) in their
entire skin epithelium, hair follicles do not form, but
mice are viable for at least a year and display a normal,
even somewhat hyperproliferative, epidermis (Huelsken
et al. 2001). Similarly, when the Wnt pathway is antag-
onized through ectopic expression of DKK1, only hair
follicle formation is severely compromised (Andl et al.
2002).
The most compelling argument for an active role for
Wnt signaling/b-catenin in epidermal stem cell/progeni-
tor maintenance comes from recent lineage tracing
studies with an inducible Cre recombinase gene driven
by the sensitive Wnt promoter Axin2 (Lim et al. 2013).
The lineage tracing data suggest that the sporadic basal
cells marked by activated Axin2-CreER are long-term
progenitors. When Axin2-CreER and Ctnnb1fl/fl mice are
crossed, the epidermis exhibits severe hypoproliferative
defects. Several explanations can account for the seem-
ingly disparate results obtained with loss of b-catenin in
all (K14-Cre) versus a subset (Axin2-CreER) of basal cells.
The simplest is that one or more of the many non-
epithelial Axin2-expressing cell types in both the skin
and other organs indirectly affect epidermal progenitors
in amanner opposite to cell-autonomous effects. Another
possibility is that growth inhibitory signals from neigh-
boring wild-type basal epidermal progenitors provide
negative cues to adjacentCtnnb1-null progenitors, which
might restrict their otherwise hyperproliferative growth.
Alternatively, there could be fundamental differences
between nonhairy and hairy skin (Huelsken et al. 2001;
Nguyen et al. 2009; Choi et al. 2013; Lim et al. 2013; Lien
et al. 2014). When taken together with additional ambi-
guities surrounding the extent to which Axin2 and
b-catenin levels are pure readouts for Wnt signaling as
well as the caveats discussed above regarding adult
mouse epidermis as a model for stem cell biology, it will
not be a simple task to sift through the plethora of
possible mechanisms underlying Wnt/b-catenin signal-
ing in the epidermis.
Compounding the complexities underlying how Wnt
signaling functions in regulating stem cell behavior are
the strikingly different microenvironments of HFSCs,
ISCs, and epidermal stem cells. Each of these stem cell
niches displays unique heterologous components and
distinctive architecture. Such differences are likely to
profoundly impact the ways in which canonical Wnt
signaling is perceived and used by tissue stem cells. In
this regard, differences in the mechanical properties of
these tissues might be particularly relevant, given that
both mechanotransduction and canonical Wnt signaling
can activate YAP/TAZ and in turn affect homoeostasis
(Azzolin et al. 2014). Although our review concentrated
primarily on the stem cells of the hair follicle, intestine,
and epidermis, it is important to note that many of these
general issues are likely to apply to other stem cells,
including those of the mammary gland and the hemato-
poietic and nervous systems, where Wnt/b-catenin
signaling has been shown to modulate their function
(Holland et al. 2013; Ring et al. 2014; Van Camp et al.
2014). As our understanding of these complex interac-
tions continues to unfold, so too will our knowledge of
why Wnts are at the root of stem cell behavior and
nevertheless are able to exert tissue-specific variations
in their control.
Other interesting twists on how Wnt/b-catenin signal-
ing impacts stem cells and tissue homeostasis emerge
from studies on its deregulation, which has long been
associated with cancers. The topic has been reviewed
recently (Clevers 2011; Atlasi et al. 2014), and hence we
cover it only briefly here, where for both intestinal and
skin epithelia, constitutive activation of Wnt signaling
has been linked genetically as an underlying root of
malignancy. Thus, stabilizing mutations in b-catenin or
loss of the b-catenin inhibitor APC promotes hyper-
proliferation and predisposes their tissues to cancer
(Morin et al. 1997; Gat et al. 1998; Chan et al. 1999).
Recent studies on APC-null intestinal cancers show that
they are YAP/TAZ-dependent (Azzolin et al. 2014). Thus,
when YAP/TAZ is ablated along with APC in intesti-
nal epithelium, crypt architecture for its stem cell resi-
dents is maintained, as is their ability to undergo normal
tissue homeostasis. These findings underscore the im-
portance of cross-talk between these two pathways
in governing stem cell behavior, whether normal or
cancerous.
When b-catenin (Ctnnb1) is targeted in pre-established
cutaneous papillomas, these benign tumors shrink and do
not progress to SCCs, suggesting a key role for b-catenin
as well in governing the process (Malanchi et al. 2008).
An in vivo skin-specific genome-wide RNAi screen in
mice provided further support for this notion, as b-catenin
surfaced as a strong positive regulator of oncogenic growth
(Beronja et al. 2013). Intriguingly, however, b-catenin also
emerged in this screen as a negative regulator of normal
embryonic epidermal growth (Beronja et al. 2013), consis-
tent with the observations discussed above for K14-Cre-
mediated Ctnnb1 ablation. Although possible differences
in YAP/TAZ were not explored in this study, b-catenin
deficiency in the epidermis caused mild perturbations
in cell–cell adhesion, a feature also linked to cancers
in humans. Together, these findings unveil yet another
context-dependent means by which cell proliferation can
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be regulated by Wnt-dependent and Wnt-independent
mechanisms.
Transcriptional network of Wnt/b-catenin signaling
with other regulators
One of the intriguing questions regarding Wnt/b-catenin
gene regulation is how LEF/TCF DNA-binding proteins
and their cofactor, b-catenin, act to recognize and regu-
late their target genes. Chromatin profilings of LEF/TCF
proteins in different cell lines and/or in vivo tissues point
to the view that their target genes and cooperative
regulators are dependent on cell type and context. This
is perhaps best exemplified by the finding that following
acute injury, Wnt-induced hematopoietic cells of the
erythroid lineage guide nuclear TCF4 to regulatory sites
of key blood genes that are already bound by GATA2
(Trompouki et al. 2011). In contrast, in neonatal and adult
livers, TCF4 plays an essential role in regulating the
constellation of genes that govern metabolism, and here
the metabolic genes show co-occupancy of TCF4 and the
liver transcription factor CDX2 (Verzi et al. 2010). In-
terestingly, adult liver-specific Tcf7l2-null mice display
improved glucose homeostasis when maintained on
a high-fat diet, suggesting the possibility that inhibition
of Wnt signaling may be beneficial in metabolic disease
(Boj et al. 2012).
Global chromatin mapping studies in proliferative
murine ES cells show that TCF3 binds to not only active
pluripotency genes but also repressed differentiation
genes (Cole et al. 2008). A similar diversity exists for
TCF3/4-bound target genes in quiescent HFSCs, where
Wnt/b-catenin-regulated hair follicle fate genes are tran-
scriptionally repressed, and TCF3/4-bound HFSC tran-
scription factors are transcribed and govern stemness
(Lien et al. 2014). In HFSCs, however, TCF3/4 are nuclear
in the face of little or no b-catenin (Lien et al. 2014),
indicating that b-catenin is not an obligatory partner for
their nuclear translocation, as it seems to be for hemato-
poietic cells (Trompouki et al. 2011). Moreover, only one-
third of TCF3-bound genes are shared between ES cells
and HFSCs, reinforcing the view that DNA-bound TCFs
are not merely awaiting the binding of their coactivators
to turn on Wnt target genes but collaborate with their
tissue-specific regulators to execute tissue-dependent
regulation.
As noted above, in intestinal crypts, the highest level of
Wnt activity takes place at the crypt base, with a dimin-
ishing gradient upward along the crypt–villus axis. In
contrast, while BMP4 signaling is high in the surrounding
mesenchymal cells of the crypt–villus, the BMP inhibitor
Noggin is high at the crypt bottom, thereby reducing the
effective levels of BMP signaling perceived by the ISCs
(He et al. 2004). The inverse crossroads of Wnt and BMP
signaling are especially felt by the +4 LRCs, where high
BMP signaling and reduced Wnt/b-catenin activity com-
promises ISC proliferation in a fashion similar to what is
seen in the quiescent bulge niche of the HFSCs (Greco
et al. 2009; Hsu et al. 2011). How the antagonism is
achieved at the transcriptional level remains to be
addressed. However, in the hematopoietic system, BMPs
and Wnt/b-catenin signaling work together to promote
erythroid differentiation, and here the downstream tran-
scriptional effector of BMP signaling, pSMAD1, binds to
the same chromatin regions as TCF4 and GATA1 to
govern erythroid gene expression (Trompouki et al.
2011). Moreover, when the myeloid lineage regulator C/
EBPa is induced in erythroid cells, SMAD1 shifts to sites
newly occupied by C/EBPa. Together, these findings pro-
vide tantalizing insights into how external signaling
pathways and their downstream transcriptional effectors
may synergize with master transcriptional regulators to
impact the behavior and fate specification of stem cells.
How these mechanisms differ under conditions where
signaling pathways antagonize awaits further study, but
given the dazzling array of transcriptional modifiers of
LEF/TCFs, the diverse effectors of Wnt signaling suggest
many tantalizing clues to pursue.
Concluding statements
In this review, we summarized our current knowledge of
the Wnt/b-catenin signaling pathway and its core regu-
lators in embryonic and adult stem cells. Although the
roles ofWnt/b-catenin signaling in stem cell self-renewal,
asymmetric cell division, fate specification, and terminal
differentiation are varied and still unfolding, it is in-
creasingly clear that a major component of this diversity
is the plethora of stage- and context-dependent modifiers
that intersect and influence the pathway. In addition,
a growing body of evidence suggests that not all TCF-
bound target genes are modulated upon Wnt/b-catenin
activation (Cole et al. 2008; Lien et al. 2014). In this
regard, it will be interesting to see the impact of master
regulators in trumping the effects of TCF targets and,
conversely, the effects of both TCF and Wnt/b-catenin
levels on target gene expression. Given the recent find-
ings of Trompouki et al. (2011), the influence of other
signaling pathways seems likely to profoundly affect
these decisions as well.
Despite intensive studies on stem cells in the past
years, the answers to several important questions re-
garding whether and howWnts, b-catenin, and LEF/TCFs
govern stem cell maintenance, proliferation, and/or fate
selection remain elusive. It is still not clear how TCF3
can simultaneously have a negative influence on differ-
entiation genes and a positive one on stemness genes in
both ES cells and HFSCs. In addition, if hESCs and ISCs
are in a Wnt-activated state, how can Wnt/b-catenin also
influence fate decision? One potential explanation for
this paradox is based on the recent observation that the
directional application of a Wnt bead to one side of an ES
cell can lead to preferential accumulation of b-catenin in
the daughter nucleus of closest proximity (Habib et al.
2013). However, if Wnts control asymmetric cell divi-
sions in mammalian stem cells as they do in C. elegans,
what defines the polarity of the Wnt signal? This is
particularly difficult to envision for cultured ES cells
submerged in culture medium. Another critical question
is whether the Wnt-independent functions of b-catenin
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and/or b-catenin-independent functions of Wnt signaling
contribute to the complexities of stem cell regulation.
Superimposed on these issues is the increasing evidence
that noncanonical Wnt pathways can powerfully influ-
ence stem cell behavior ranging from the roles of PCP in
symmetric cell divisions of muscle satellite stem cells (Le
Grand et al. 2009) to roles for noncanonical Wnt signaling
in the hematopoietic stem cell niche as well as its aging
counterparts (Sugimura et al. 2012; Florian et al. 2013).
Whether these pathways compete for shared components
such as the Dvl proteins and whether there are feedback
circuitries that affect the regulation of these Wnt path-
ways will no doubt provide plenty of fuel for future
investigations.
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